A minor fraction of single-stranded DNA (ssDNA) was isolated by an improved method of hydroxylapatite chromatography (HAC) from the native nuclear DNA (nDNA) of SV-3T 3 cells, non-productively transformed by SV4o. Molecular hybridization, monitored by the use of $1 nuclease, HAC, isopycnic centrifugation and thermal melting showed that ssDNA from SV-3T3 cells (which amounts to 1.5 to 2 ~o of the total nDNA) has the same characteristics as ssDNA previously isolated from other cell species. Only 27 to 28 ~/o of ssDNA can be selfhybridized but the greatest part can be reassociated to the non-repetitive portion of nDNA and up to 38 % hybridized to homologous RNAs, as compared with 7 to 8 % for bulk nDNA. Highly radioactive virus probes (SV4o-ZH-cRNA synthesized in a cell-free system and the separated 'early' and 'late' strands of SV4o DNA labelled with a25I) were annealed to different excess amounts of cellular DNA. Both the quantities of each probe hybridized at saturation levels and the various reaction kinetics indicated that ssDNA is greatly enriched for virus sequences, mainly originating from the 'early' DNA strand which is predominantly expressed in SV-3T3 cells. The mode of formation of ssDNA is discussed in the light of other findings on the effects of DNA untwisting proteins and susceptibility of active animal genes to selective enzymic attacks.
INTRODUCTION
Previous studies from our laboratory showed that a small fraction of single-stranded DNA (ssDNA) isolated from native nuclear DNA of cultured chicken embryonic cells (Tapiero et al. I976) or human RD cells (Hanania et al. I977) and amounting to I'5 to 2% of the total cell DNA, mainly derives from the non-repetitive portion of the cellular genome and is greatly enriched in DNA segments complementary to homologous cell RNA, either total polysomal RNA, or purified messenger RNA.
Animal cells infected by oncogenic viruses, where malignant transformation and/or virus production are conditioned by integrated virus genomes (Tooze, I973) , provided good models for investigating the relationship between ssDNA and expression of well characterized genes. We previously reported that the ssDNA from chicken leukaemic cells productively infected by avian myeloblastosis virus (AMV), is greatly enriched with transcribing provirus sequences but contains little or no DNA from the non-coding provirus strand io #1 of a Io % SDS solution. The 3H-cRNA was extracted twice with phenol-chloroform (I/I), precipitated overnight at -2 o °C in the presence of carrier yeast tRNA, with 2"5 vol.
of ethanol and re-dissolved in the appropriate buffer. Its specific radioactivity, calculated from the tritiated nucleotides incorporated into an acid precipitable product, was approx. 5"3 × xo 7 ct/min/#g. A sample was centrifuged in a 5 to 2o % sucrose gradient for 1"5 h at 6o ooo rev/min in a Spinco SW 65 rotor. The peak S value of SV4o-3H-cRNA was estimated at approx. 7S, as compared with tRNA and ribosomal RNA markers sedimented in parallel.
Non-labelled cRNA. The reaction mixture (5o ml) contained o'5 mg of SV4o DNA, 2oo units of RNA-polymerase (Sigma, RO 5or type II from E. coil strain KI2), I2 mg each of adenosine, cytosine, guanosine and uridine triphosphates in a final volume of 50 ml of 0"08 M-NaC1, 0"04 M-KC1, O.Ol M-MgCI~, o.oool M-dithiothreitol, 0"05 M-tris-HC1 buffer, pH 7"9. After incubating for I5O rain at 37°C, the DNA template was degraded by adding RNase-free DNase to a final concentration of 4o #g/ml and re-incubating for 3o rain at 37°C. Then EDTA and SDS were added to final concentrations of o.ooz M and 0"5 % (w/v) respectively, and RNA was purified by three successive extractions with phenol-chloroform (I/I) at room temperature. The aqueous phase was mixed with 2"5 vol. of ethanol and SV4o-cRNA was precipitated overnight at -2 o °C. The precipitate was pelleted, dissolved in I 1 of o.ool M-EDTA, O.Ol M-sodium acetate, PH 5"5, and passed through a 1.5 x 7"5 cm column of Sephadex G5o equilibrated with the same buffer. The RNA eluting in the void volume was precipitated with ethanol and stored at -z o °C.
Separation of SV4o DNA strands. The 'early' (E-DNA) and 'late' (L-DNA) strands of SV4o were separated following the methods described by Sambrook et al. (I972) and by Khoury et al. 0972) . In short, about 4 #g of linear SV4 o DNA pre-Iabelled in vivo with 3H-thymidine (specific radioactivity 7o0oo ct/min/#g) were heat denatured and hybridized to 400 #g of unlabelled SV4o-cRNA, at a Cot (moles RNA x time in seconds per litre) of o'3. The hybridized fraction, mainly consisting of E-DNA, and the non-hybridized one, mainly consisting of L-DNA, were separated by hydroxylapatite chromatography (HAC). Each fraction was adjusted to o.6 M-NaOH, incubated for 3 h at 37°C, then neutralized and allowed to self-anneal for 24 h. The majority which, remained single-stranded was isolated by HAC.
In order to obtain highly radioactive virus DNA probes, both E-DNA and L-DNA prelabelled in vivo, were post-labelled in vitro with 125I, following the modified procedure of Woo et al. (I975) . The final specific radioactivity, estimated by counting acid-precipitated samples in a gamma counter was approx. I'5 × lo 7 ct/min/#g. Molecular hybridizations. For hybridization assays the DNA samples were sonicated twice at o°C for 3o s with a BI2 Branson Sonifer at the position 6. The annealing reactions were carried out as previously described. Labelled DNA, denatured by alkali, was coprecipitated with excess amounts of the non-labelled DNA or RNA, re-dissolved in o'5 MNaC1, o.oI M-tris-HC1, pH 7"4, o.I % SDS, and incubated at 66°C in sealed microtubes. At each indicated DNA or RNA Co t value (tool. s/l), the fraction hybridized was determined by treating samples with $1 nuclease (see Tapiero et al. I974) . When maximum levels of hybridization were reached, the duplex structure of hybrids was verified by other methods under previously specified conditions: hydroxylapatite chromatography and thermal melting (see Tapiero et al. I976) and also equilibrium sedimentation in caesium sulphate gradient (see Hanania et al. 1977) .
The annealing reactions using DNA trapped on nitrocellulose filters were performed following the procedure of Turler 0977) under the conditions indicated in the legend to Table i. The number of SV4o genome equivalents per cell was calculated from data on the DNA content of mouse cells, quoted in Sober (I968).
Because of the relatively small quantities of non-labelled ssDNA that could be isolated, , previously sonicated and alkali denatured, were allowed to self anneal as described in the text. The fraction hybridized was determined by treating half of each sample with $1 nuclease and counting the acid-precipitable radioactivity in a scintillation spectrometer. microquantities of the highly radioactive virus probes, were annealed to two differing excess amounts of SV-3T3 cell DNA (or monkey CV1 cell DNA used as control): only low excess (cell DNA/~H-cRNA = 26o000; cell DNA/X~SI-DNA = 45oooo) for ssDNA; both low excess and high excess (cell DNA/3H-cRNA = 4"5 × Lo6; cell D N A / I~I -D N A = 5"2 × to e) for bulk DNA, either total DNA or its major dsDNA fraction.
RESULTS

General properties of ssDNA
The ssDNA isolated from the nuclear DNA of SV-3T3 cells by the improved method of hydroxylapatite chromatography exhibited the same properties as ssDNA from the other species studied by us. It amounted to 1.5 to 2 ~o of the total nuclear DNA and after long term labelling with SH-thymidine had approximately the same specific radioactivity as bulk double-stranded DNA (dsDNA): 72o000 ct/min per/~g of DNA at maximum. It was 98 to 99 % digested by $1 nuclease (while dsDNA was 97 to 98 ~o resistant) or DNases and 95 to lOO % resistant to RNases A and T 1 pronase and alkaline treatment. After centrifuging to equilibrium in a CsC1 density gradient most of the ssDNA banded at the same apparent buoyant density as denatured bulk DNA: about 1-72o g/ml instead of I-7O2 for native dsDNA. When ssDNA and dsDNA isolated from SV-3T 3 cells and prepared by the standard procedure were analysed by velocity sedimentation in alkaline sucrose gradient, their peak fractions sedimented at IO to I2S and I8 to 2oS respectively. 
Self-reassociation of ssDNA and hybridization to bulk DNA
When SV-3T3 cell-ssDNA on one hand and bulk nuclear DNA, previously sonicated and denatured, on the other hand, were allowed to self-reassociate under identical conditions, their respective reaction kinetics were strikingly different. As seen in Fig. I, I2 to I3 % of the bulk D N A was already self-annealed at Cot values of I or less, which corresponds to the highly repetitive portion of the mouse genome, mainly represented by satellite DNA. In contrast, up to Cot 2o, no significant amount of ssDNA became double-stranded. Moreover 27 to 28 % of ssDNA became self-reassociated between Cot zo and Cot 3oo, with the same sort of kinetics as the middle repetitive portion of bulk DNA, all the rest of the ssDNA remained single-stranded, even after reaching Cot values of 7ooo to 8ooo, at which most of the unique complementary sequences of bulk D N A were self.annealed. As shown in Fig. 2 , most of the ssDNA could be reassociated with the non-repetitious portion of bulk nuclear DNA.
Hybridization of ssDNA to cellular RNA
When equivalent micro quantities of SV-3T3 cell 3H-DNA, either unfractioned or fractionated into its ssDNA and dsDNA fractions, were hybridized to large excesses of total R N A from the same cells, or from monkey CV1 cells used as control, results similar to those shown in Fig. 3 were obtained. As judged by the use of S 1 nuclease, at least 37 to 38 % o f the input ssDNA, but no more than 7 to 8 % of the input dsDNA could be hybridized to homologous RNA. The fraction hydrolysed by $1 nuclease was determined by treating half of each sample with this enzyme and counting the acid-precipitable radioactivity. As a control native 3H-dsDNA from SV-3T3-cells ( A --A ) was assayed under the same conditions. Fig. 5 . Velocity sedimentation of intact 3H-ssDNA and aH-ssDNA recovered from ssDNA-RNA hybrids. The ssDNA-RNA hybrid isolated by isopycnic centrifugation in Cs2SO4 was incubated for 3 h at 37 °C in o'3 N-NaOH in order to degrade the RNA. The ~H-ssDNA released from the DNA-RNA hybrid ( 0 --0 ) and a sample of intact 3H-ssDNA, not pre-hybridized to cellular RNAs ( A --A ) , were layered on' to 5 to 2o ~ sucrose gradients previously adjusted to pH r2"7 and centrifuged for 250 rain at 6oooo rev/min, at 4 °C in the SW 65 rotor of the Spinco ultracentrifuge. Fractions were collected aad processed for acid-precipitation and counting.
Further characterization of ssDNA-RNA hybrids
M-phosphate, instead o f o.I5 M for non-hybridized s s D N A (results not shown). W h e n the hybrids were treated with S~ nuclease and then sedimented to equilibrium in caesium sulphate gradient, the peak fractions b a n d e d in a zone of mean b u o y a n t density of approx. * Each filter was immersed in 0"5 ml of hybridization medium (5o % formamide, 0-3 N-NaCI, o-o3 Msodium citrate, o.z ~ SDS) containing about Io ng (5ooo0o ct/min) of SV4o-3H-cRNA and 250 #g of carrier yeast tRNA. After incubating 48 h at 37 °C each filter was washed with 2o ml of 2 x SSC (by filtration on Millipore filter holder), incubated I h at 37 °C with 2 ml of hybridization mixture, washed again by filtration with 2 x SSC and treated with 2 ml of z x SSC containing zo #g of RNase A per ml and co/zg of RNase Tx per ml for ~ h at room temperature, then washed with IO ml of z x SSC by filtration, dried and counted. The figures in parentheses indicate the approximate number of SV4o genome equivalents per cell corresponding to the microquantity of SV4o DNA mixed to non-reacting DNA from baby mouse kidney (BMK) cells. than s s D N A which had not been pre-hybridized. This can be explained by a decrease in the size of the pre-hybridized s s D N A due to digestion of its non-base-paired sequences by S~ nuclease. In effect, as seen in Fig. 5 , when centrifuged in alkaline sucrose gradient, the peak of the s s D N A molecules released from D N A -R N A hybrids was reduced to 5 to 6S from the original IO to I2S.
Enrichment of ssDNA for virus specific sequences
The amounts of SV4o 3H-cRNA, hybridized to D N A trapped on nitrocellulose filters, were almost linearly p r o p o r t i o n a l to the microquantities of SV4o D N A attached to nonreacting D N A from mouse kidney cells (see Table I and Turler, I977) . Therefore the results listed in Table I , which were confirmed in two separate experiments, may be considered as reliable. They indicate firstly that SV-3T3 cells appear to contain an average of four to five virus genone equivalents per diploid cell genome which is compatible with previous esti- SV-3T3 cell-ssDNA at Cot 5oo to 6oo and about 65 % at Co t 2000 to 3ooo, as compared with a maximum of Io to I2% for I~SI-E-DNA. In contrast, only 22 to 23 ~o of L-DNA but 27 to 28 % of E-DNA, could be hybridized to the same low excess of dsDNA, after reaching Cot values close to IOOOO. Moreover no significant difference could be observed in the respective hybridization rates of E-DNA and L-DNA reassociated to high excess of unfractionated nuclear DNA from SV-3T3 cells (kinetics not shown, comparable to those of SV4o-~H-cRNA shown in Fig. 6 ) or to non-labelled SV4o DNA.
DISCUSSION
During the last two years, various observations have tended to favour models of DNA transcription which involve local opening of the DNA helix (see for example Vogt, I969; Bick et al. t972 ; Groner et al. 1975; Frenster, 1976 ) . Recent studies from our laboratory showed that a minor fraction of ssDNA, isolated from the native nuclear DNA of cultured chicken cells (Tapiero et al. I976) or human cells (Hanania et al. I977), does not represent trivial extraction artifacts, products of DNA alterations due, for example, to cell aging or short lived replication intermediates and is much enriched with transcribing DNA sites. It was further observed that 7o to 75 ~o of the ssDNA from chicken leukaemic cells productively infected by AMV (Leibovitch et al. I977) or normal chicken embryonic cells (Leibovitch & Harel, 1978) consist of non-self-reassociating DNA segments that can be reassociated with the non-repetitive portion of bulk DNA and mostly hybridized to homologous RNAs. Furthermore, given amounts of ssDNA from AMV producing cells appeared to contain 4o to 5o times more DNA, complementary to AMV-RNA, than the same amounts of bulk nuclear DNA, but much less, if any, DNA from the non-coding provirus strand.
The present work extends these findings to another animal species and a different tumour virus system. As seen above, no more than 27 to 28 ~o of the SV-3T3 cell ssDNA could be self reassociated, a proportion strikingly similar to that found in the ssDNA of normal as well as oncornavirus infected chicken cells. In contrast, the greatest part of SV-3T3 cell sDNA, could be reassociated with the non-repetitious component of bulk DNA and at least 37 to 38% hybridized to homologous RNAs. These figures are comparable with those obtained with ssDNA from human and chicken cells. The DNA content of diploid mouse cells (see datain Sober, 1968 ) is equivalent to 6 to 8 × I o n Kb (kilobases) so the ssDNA content of SV-3T3 cells and the part which is hybridizable to homologous RNAs are at least equivalent to 1.5 to 2 × IO 5 Kb and 6 to 8 x Io 4 Kb, respectively. Since most of the ssDNA sequences that are complementary to homologous RNAs correspond to the unique component of bulk DNA, it may be assumed that they are not repeated more than two, three or four times in each cellular genome, even taking into account the increased DNA content of SV-3T3 cells (Ozanne et al. I973) . Therefore the ssDNA content of SV-3T3 cells may contain fragments encoding some 5ooo to ioooo different RNA molecules of 3 Kb each of average. This estimate, however approximate, is compatible with calculations of the total number of messenger RNA species in various mouse cells, based on other experimental approaches (for example Affara et al. I977) .
The present work also provides evidence for great enrichment of SV-3T3 cell ssDNA with virus-specific sequences, mainly originating from the E-DNA strand which is predominantly expressed in SV-3T 3 cells (Ozanne et al. 1973) . This is confirmed by the observation that dsDNA, which represents the majority of the nuclear DNA simply separated from the small ssDNA fraction, appears to contain less E-DNA sequences than unfractionated nuclear DNA.
The selective accumulation of coding DNA sequences from both viral and cellular origin, into the ssDNA of SV-3T3 cells, can be considered to be related to the activity of the cellular genome rather than to some peculiarity of tumour virus infection (for example non-integrated virus genomes or DNA lesions induced by SV4o) for the following reasons. Considering the size of the mouse genome and the mean number of virus genome equivalents per cell, the virus DNA cannot represent more than one part out of IOOOOO of the total nuclear DNA of SV-3T3 cells, while ssDNA amounts to 1.5 to 2 %. So even if all the virus DNA was located in the ssDNA fraction, it would not possibly exceed o'o5 % of the total ssDNA. This appears negligible considering that 37 to 38% of ssDNA consists of unique or nearly unique sequences that are complementary to cellular RNAs. Furthermore it was previously shown that the ssDNA from normal chicken embryonic cells, like the ssDNA from AMV infected cells, contains a majority of non self-complementary sequences, greatly enriched for DNA sites hybridizable to cellular RNAs. Previous experimental evidence strongly suggested that ssDNA originates from regions of the chicken genome composed of non-repetitive coding DNA sequences interspersed with non-coding, middle repetitive ones (Leibovitch & Harel, 1978 ) . Preliminary results, obtained in our laboratory in collaboration with G. Spohr, indicate that the ssDNA isolated from duck erythroblasts, but not that isolated from nonerythropoietic duck ceils, contains DNA chains complementary to haemoglobin mRNA, and little or no DNA from the non-transcribed DNA strand.
So the bulk of evidence tends to demonstrate that, in all the different cell systems studied so far, a minor fraction of ssDNA is detached from the cellular genome through a common mechanism, preferentially selecting actively transcribed DNA segments. We recently proposed a scheme for the formation of ssDNA based on our previous data and three other lines of evidence. First, as shown by Garel & Axel (I976) and Weintraub & Groudine (I976) , the DNA of active genes may be more susceptible to certain nuclease attacks in situ than that of non-expressed genes. Secondly, as demonstrated by Champoux (I 977), the DNA untwisting proteins operate by causing nicks in the DNA helix and catatysing their repair by covalent attachment of the protein to DNA. Thirdly, according to systematic studies still in progress in our laboratory, at least 7o % of the usual a m o u n t s of s s D N A can be recovered from chromosomal D N A pellets, prepared by the procedure of Hirt (I967), and subjected to a further step of deproteinization and hydroxylapatite chromatography. In the light of these various findings, we postulated that s s D N A arises through preferential singlestrand breaks in the vicinity of transcription sites (Leibovitch & Harel, I978 ) . Some of these breaks may occur during cell life in relation to R N A synthesis, under the effects of u n w i n d i n g enzymes or restriction nucleases. If so, these breaks would be repaired in vivo, but could not be repaired after starting the process of D N A extraction. Other breaks caused by endogenous nucleases at some step of the preparative manipulations, might preferentially involve active regions of the cellular genome, resulting in the final isolation of ssDNA.
The present results bring new experimental evidence supporting a mechanism of this sort. They also raise interesting possibilities, for example, the release of integrated virus genomes as a result of certain transcriptional activities.
